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SECTION 1

INTRODUCTION

It is the purpose of this report to present the results of a

recent invest igat ion into the qual ity of SGENIP simulation which can he

cqpecteod in the proposedI Satel lit e X-ray\ Test Fail'c i ty. The strawman design

which wil 11 e critic ized in this report cons ists of a spheri cal vacuum tank

30 ill inl diameter with a concentric , transparent, non-emi tt ing damper membrane

who,; di ameter is So percent of- the tank's di ameter.1 The X-ray Miliumiaion

15iis aled by b oth .1 compact expl1od ing w ire and an ext ended b rens st rah Iung

Source. InI this stIudy , we wish to determine how closely the SGEMP response

ot, a test hod.\ placed inl t hi s s imulIat or corresponds with the response of thle

S;IiliC' h~d.\ Ill tree5jiic

ill or-der to, c\auuini the simulation qulant itat ively , we compare

hie resu ts olt C.),LO c.1l ciit ionus of thle SGWMP response of a test body placed

ill thle taink to thlat ot, the am hodY ill tree space. Several potential ly

i Illi)irt an IIt e.,ffe Ct >- ire1 k i lit r-oduicedi by t fie tank . :Firs t, c I ect rormagnet i c energy

Cannot he rad i ad into free space hut is, instead reflected from the tank

w alis aInd r'eturneid to tilie test oh ect . These reflect ioils caulse thle

deposit ion ot adit ional cl Iect roiiagiiet i clenergy ill thle satelIlIit e p055 ib 1>

canLs inc. severe over-t e tinc. anld even satell 1it e dAamuai.c. Ill an effort to

overcomle tui s diffi cuilty thle res-istive ImeuIlhr_;Ine is p1 iCcdin iSLie thle tanIk.

An add it ionalI coiiplIi cat ion is caused IW thle CImSi~ iOn f' fiete~i rom the

tanjk wa; I Is. These part ic les are aI source Of in1waiitCL edCI ct linu~higeti C fi( WhS

and cani also charge the test iob ect.
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In order to iV olate each of these effects we have performed calcu-

lations in which no electron emission occurs from the walls or from the

memb rane. This calculation simulates perfect suppression of wall and membrane

emission. It demonstrates the effects of reflection from the tank walls and

absorption of energy by the resistive membrane. W'e then examine ie quality

of simulation provided by the strawman design in which electron emission

from the tank is included. Finally, we examine the extreme case of an

emitting membrane and emitting wall. Some damper designs have proposed the

use of sheets of conducting low - material rather than ohmic meshes and

in this calculation We study the effects of membrane emission. Although this

calculat ion may not prove to he relevant to the SXTF design, it is reported

here since it may be of interest in connection with other SGENIP experiments.

It is the aim of these studies to determine whether the passive

suippressiou provided by the low 2 emission from the walls of the tank is

adequate or whether active suppression is requi red.

Si uce the SXTF may, at some future date, be used to test satellites

whose dimensions are comiparable to the dimensions of the tank, we wish to

determine to what extent the S(ThINP is affected when parts of tile satellite

are in close proximity to the tank walls and to the membrane.

In Section 2 we describe our method of cal cIIlation and discuss tile

varioums approximat ions and assumptions made. A detailed presentation of the

results of outr calculations is provided in Section 3. Section 4 is devoted

to a discussion of the signiificance of our results and in Section 5 we make

our recommendat ions for mod i fi cat ions of the strawman design.
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SECTION 2

METHOD OF CALCULATION

Our calculations were performed using the two-dimensional

cylindrically symmetric particle pushing code SEMP, a detailed account of

which is provided in Reference 2. Several important modifications to this

code Were required for our tank simulations and we shall discuss these

modifications in this section.

2.1 CODE DESCRIPTION OF THE SXTF

The tank simulator is sketched in Figure 1. Basically, it con-

sists of a spherical vacuum tank (stainless steel) 15 m in radius from which

a segment has heen removed iln order to provide a suitable location for the

radiation sources. The total length of the assembly is thus 24 m. In SEMP,

this is represented hY a grid of 133 x 83 cells each 18 cm in the radial

and axial directions. A resi stive nmemb rane, sphericalI iln shape and of radius

12 meters is positioned concentric with the sphere and the satellite was

placed inside the membrane.

2.2 MESH AND BOUNDARY CONDITIONS

\,\ ,ith any finite difference scheme, our mesh must be small

cnotigh to provide an adequate description of the phenomenon of interest, in

,Mr case the motion of the electrons and the fields so produced, yet large

enough so that calclation does not become excessively time consuming or

require unduly large amounts of core. The mesh size determines the time

step because of the requirement that Courant's condition be satisfied.

7



Tank

Damper Membrane

Satellite

9 m 15 m
Tank Simulation

Figure 1. Schematic drawinq of SXTF. The membrane is 3 m
from the tank walls.
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We therefore require as large a mesh as possible consistent with accurate

representation of the motion of charge.

The orioinal SIIlP mesh:' used three interlocki ng meshes with the

bod. d rawn ill the smallest mesh and the outer boundary in the largest mesh.

Our tfrCe spIacc calculations used the three meshes and the transmitting outer

boundary condition. In our tank calculations, however, we have a reflecting

and em itting outer boundarv, the walls of the tank. Accurate representation

of the emission of particles from the tank walls demands that the mesh spac-

img at the outer boundary he smaller than the l)ebyc length in the charge

cloud. S at is fact ion of th is condition precl ides the use of the three mesh

svstem and a single uniform mesh was used.

A Sphere was drawn inside this mesh. The usual boundary conditions

were appli ed at the surface of the sphere. The walls of the tank are assumed

to be infinitely conducting so that the tangential component of the electric

field must vanish at its surface. The reflecting boundary condition is also

app Ii ed here.

The mesh spacinp iln these calculations was uniform with Ar = -,::

1S cm. Under conditions ot extreme space-charge-limiting, this mesh is
inIadc ti s Ice the I)ChL, le'ngth is smaller than the mesh spacing (, -

I cml. [his cond it ion preva i Is at the emitting surface of the satellite

but not at the tank %ails I I 20 cm). .\t the emitting surface of the

it 11 i t l particle motion canmnt be described in this mesh and we must use

an alt ernat ive description ot the currents at that position. In a space-

charge-- I i mit ed si tta t ion, a Li pole layer forms above all emitting surface.

I he current dens ity may be described in terms of' the time derivative of the

dipole moment per unit area. .\ I" driver may he calculated for a given

\- ray spCct rum ald timc h istory for :i given material using the one-dimensional

pa;rt icl e ploshinv code S;\1,11, details of which may be found ill Reference 3.

. .. ... . I n ... I ll -I -- . ..9



Inl the SXTF strawmani designi, two sources of radiat ion are u-sed-a

compact exploding wire source anid a more extended h)reinsst rah l ung source.

sinice the bremlsstrahlunmg spect rum i; s ons iderabl1y harder thanl the explodinig

wire spectrum (2 kokV blackbody) , fewer electronls are produced so that the

D~eb -e lengith in thle Charge c loud produced hy the hremisst rabl I Lilg is lrger

thani the cell size . Fo r th is reason, a dipole driver dese r ipt ioni of thle

b remisst rahlunmg exci tat ionl is unnieces sarv , al1though it i s requ ired to s imu late

thle bounIdalry 1 ave'Cr a soc ia teCd W ith1 the XI exploding W ire photonl source .

2.3 OTHER CODE MODIFICATIONS

InI the SIMP code, pa rt iCc s inlside al part i clar cell are moved

uls i nt interpolated aItesof' the lectric and magnlet ic fields. The initerpol ;i -

t ionl is linlear uls il i thet ftc I values ;it the corniers of' the cell . It' onle has

a Conucltor eg.,the damtp il ng mem1branle) embedded inl thle mesh, the fields are

di scouiinuotis alt its surf'ace. tinder these circumistances, ai reliable estimate

of the. fi CILI alt aI p)art i Ctii r p)Oint canl no0 longer be olIta i ned 1w' inter p() at ionl

and We use; thc. neare1-st Clrid po(inlt me1thod. InI this method, particles are

!;ovedI t1i i11 theC V;1 Ie(s of" t he f-iel ds at the gr-id poinlt c losest to thle parti cleC,

onl thec samle side of the Conductor. tine ttis avoidls thle di ff1 en ItY of- inter-

p01 at ing across a d iscolt i no it V.

III oirl cit os we have repreLsenlted a spheri cal surface inl a

Ci II ndr i C alI iies 1. The c\-i i ndri cal meshi was chosen as aI matter of' conlvenience

st lice thle saitei I i tc is 111or 'c cas i I1v represenited inl a cyi i ndr ical me1sh. Thi

repreSentaIt tol of' aI sphericall SLet'acC canIl I cad to ina~lcIra'es0' inl the rate

of' propagaition of' Fields it' thc wa il Of' the tanlk pa;sses di Agona 11I through

al Cell . CO ils i d C r theC Cc.l Isho0wn inll ur 2 t hroiigh which thle tank wall

passes di agonial v. A\ ski l I propagaNt iTng from11 A to B recIhes 11 inl a t inc

~ c. in theI c odek ca z I ctIIt i onIs , suIIch a s i gn i wo IL t1) c r o(II i r ed t o traIv el

t h ro i ilgh C, reVil h i InIIt B i a: t imel 2 " r/ c.
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In order to correct this inaccuracy, we proceed as follows.

Faraday' s equation maty be written

-fB-da c =: -

In any ordinary cell of thle mesh, we can write the integral oil the left as

hut when thle taitnk wallI pa sse s d i atgonit 11 Ny through at cell , thle itegcoralI is

over a hal f cell and we have

'itd t

Usitng Stoke's checorenr, w'e have

~fI3B dla c cf V x1 da.

Remlovingo thle integrat ion signs, we obtain

2 )~t

Amperes; law may he written

1ifi da + )t< d, f d L

UIsing Stoke's theorem and removing the integration sign we find that

B .17% j +
c ~t

Sintce the i nt egrat ion i 5 over the cell 'IXYZ, A.mperc~s oquiat ion is5 unchanged.

12



combining Ampere's and Faraday's equations, we have

V x V x U (47TJ +1 E

V c 2catt ct

In vacuum, we have

2
2 _ 1 a2E

2c 2at-

This is a wave equation with effective propagation velocityl/-c. The

introduction of the factor of 2 in Faraday's equation corrects the propa-

gation velocity in those cells through which the tank wall passes diagonally.

In all other cells this correction is unnecessary'.

2.4 RETARDATION OF THE RADIATION PULSE

Since tile duration of tile X-ray pulse from both the exploding

wire source and the bremsstrahlung source is shorter than the light travel

time across tile tank, care must be taken to retard the emission from a point

by the appropriate light travel time. The zero point of time occurs when

the first emission point (either on the satellite or on the wall of the

tank) starts to emit. The first emission point is tile emission point closest

to tile radiation source. Let its - coordinate be denoted by Z . A point at

will not begin to emit until the pulse has reached it, i.e., at time

- () /c. ivery emission point emits with some pulse time history. However,

tile pulse at each point is displaced by the amount (Z- 0 )/c.

The X-ray pulse is thus treated as a plane wave propagating in

the 2 direction; the time of emission from a point is determined by its Z

coordinate. The plane wave approximation is appropriate when we are con-

sidering the extended bremsstrahlung source but may be slightly in error

when we are considering the more compact exploding wire source which is

better represented by a spherical wave.

13



2.5 DAMPING MEMBRANE

The membrane serves two purposes. In all SXTF ca1cul at ions, the

membrane extracts energy from the wae reflected from the tank walls. Its

purpose is to di inish the effect of reflection so that the tank more closely

simulates free space. I n some -A IctIlations, we examined a non-transparent

membrane which emits electrons a;nd through which particies cannot pass. In

these calculations, the membrane has the additional functions of electron

emitter and absorber.

The rcs ist iw.e membrane is simulated by' assigning a resistance to

those cells which correspond to the position of the membrane. It has been

shown, that the optimal membrane impedance is 2 where 0 is the

impedance of freC spacc i78 . Since the behavior of the fields is not very

sen5sitive to the vaIUc of the impedance, We chose a value of 200 Q/square.

We then reduced the electri c field components by a factor of 1/(1 + Z0 cAt/

-%) where c is the specd o f ligt and At and A are the time step and spatial

srze respectiye ly. lbis procedure removes energy from the tank in order to

produce a better simulation of free space.

2.6 THE TEST SATELLITE

The satellite chosen for our simulation test was a FLTSATCONI like

the model, a rough sketch of which is shown in Figure 3a. This choice was

made since it is of interest to examine the response of a resonant body.

It may stress the simulation fidelity requirement to a greater extent than

a non-resonant body because it has characteristic frequencies which persist

in time.

Our satellite model shown in Figure 3h consists of three cylinders

each of length 2 m and radius I ii connected by thin struts 2.5 cm in

diameter. Since the struts cannot be properly described in this mesh, a

14



2.3 m

2.2 m

2.T

13.2 m

Figure 3a. Schematic drawing of FLTSATCOM.

10 M

?lor

=3

I 'n

2m

Figure 3b. Satellite.

Figure 3. Model satellite used in code.
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special treatment was necessary. Our treatment of struts is outlined in

Appendix A.

2.7 PARAMETERS OF THE CALCULATIONS

We now give the numerical values of the various quantities used

in our calculations.

All calculations presented in Section 3 assume an X-ray fluence of

5 x 10- 4 cal/cm-/sec. The X-ray flux has two distinct components-a brems-

strahlung component and an exploding wire component. The bremsstrahlung

component has an essentially flat spectrum as shown in Figure 4a and a

triangular time history which peaks in IS ns and falls slowly to zero at

70 ns (Figure .1). The exploding wire spectrum is that of a 2 keV black

body and its time history is somewhat complicated (Figure -1c). A peak of the

exploding wire radia tion occurs after only 7.5 ns and is followed by a rapid

decline. This initial peak is followed by several secondary peaks. Because

of Dei-ye length considerations discussed previously, exploding wire radiation

is represented at the surface of the satellite by the 1; driver shown in

Figure Id.

The energy spectrum of electrons emitted from the satellite was

taken to be the backward emitted spectrum for aluminum. Emission from the

tank assumes the forward emitted spectrum of carbon. Use of the forward

spectrum is not strictly correct but comparison of the forward and backward

spectra of carbon shows that the error introduced is small. Although the

photoelectric yield of carbon is smaller than that of aluminum, the walls

of the tank have a much larger area than the satellite and consequently

emit approximate 1Y an order of magnitude more electrons.

16



Bremsstrahlulg Spectrum

Bremsstrahlulg Time History

Ln

0

1 100 7

Energy (key) Time (ns)

4a.* 4b.

Explodingq Wire Time History
2 keV Blackbody

PDriver

Time (ns)

0 60
4d.

Time (ns)

4c.

Figure 4. Spectra and time histories of X-ray drivers.
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SECTION 3

RESULTS OF THE CALCULATIONS

The present section is the first of two devoted to a detailed

presentation and discussion of the results of our calculations. A brief

summary of the initial assumptions of tile various runs is given in Table 1.

3.1 SATELLITE IN FREE SPACE

Since in a perfect simulator, tle SGIMP response of a body inside

a test tank should be tile same as that of tile same body in free space, it is

useful for comparison purposes to calculate the free space response of our

test body.

iii tile free space run, the outer bomdarv condition is such as to

al low essent iall all of tile electromagnet ic energy reaching the outer

boundary to be radiated. The treatment of tile outer boundary condition in-

troduces a fractional error of approximately /2-iR (see Reference 5), where

, denotes the longest wavelength of electromagnetic radiation of interest

(which is of tile order of tile length of the satellite) and R is the radial

distJance to tie outer boundary. For accuracy, it is reqaired that the

fraction \/2'R be small compared to unitv. This condition requires that the

distance to the outer boundary he much larger than the dimensions of the

test body. Computer storage limitations make it difficult to satisfv this

requi rement wh ilc providirig a sufficient mumber of cells for an) accurate

description of the satellite. To satisfy this requirement while keeping

computat iolal demands al a1 r-easonable level, we made use of tile three

18
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interlocking meshes of increasing size of the original SEIMP code rather

than using the single mesh.

In a perfect S(CEMlP simulator, the fields should be identical to

those calculated for the free-space case being free from reflected signal

and oscillations resulting from the excitation of the natural modes of the

tank.

An additional effect is introduced 1y the presence of the tank.

Although the walls of the tank are coated with carbon, a material of low -

and low photoelectric yield, the tank has a much larger surface area than the

satellite and emits considerably more electrons. 'The irradiation of the

tank and satellite by X rays produces a larger quantity of electromagnetic

energy than was produced by the irradiation of the satellite in free space

and it is of interest to examine the effects of this additional energy.

3.2 OVERVIEW OF THE CALCULATIONS

In order to examine quantitatively the effects of reflection and

photoelectric emission from the tank, three other cases have been calculated.

Case A-Perfect Suppression

In this case, no emission takes place either from the walls of

the satellite or from the membrane. The only emitting surface in the problem

is the front surface of the satellite. We call this case perfect suppression

because the electron emission from the tank walls are completely suppressed.

The assumption of a non-emitting tank is not physically justifiable

btt the c;llculation is intended to model perfect SUppression of electron

emission fromi the tank walls and isolate the effects of reflection from the

tank.

20



Case B-Strawman

In this case, we model the strawman design for the SXTF described

in Reference 1. The satellite is placed inside a vacuum tank whose walls

are coated with carbon. Emission takes place from the walls with the photo-

electric yield appropriate to carbon. The damper membrane is described in

Reference 1 as an ohmic mesh made up of carbon coated fiberglass 0.5 cm in

diameter made into a mesh with 10 cm spacing. In the calculations we assign

the appropriate resistance to the membrane, 200 Q/square, and assume that it

is non-emitting and transparent in the sense that electrons pass freely through

it.

This calculation is intended to be physically realistic and is

designed to isolate the potentially important effects of electron emission

from the walls.

Case C-Emitting Walls and Membrane

Since other designs of damper membranes have been considered for

the SXTF, we examine the case where a non-transparent, emitting carbon membrane

is used. In this case, electrons are not allowed to pass freely through the

membrane but are absorbed upon reaching it. The membrane also emits from

both sides with the photoelectric yield of carbon.

Cases A-C were calculated with the satellite centered and again

with the satellite close to the emitting membrane. The latter (shifted)

configuration was designed to test the situation in which a part of the

satellite was close to an emitting surface.

21



3.3 OVERVIEW OF THE RESULTS

A useful measure of the .Joule heating of electronic circuitry due

to an induced electromotive force is the quantity fB-(t)dt. Comparison of

this quantity for various cases provides an indication of the simulation

fidel ity. We are also interested in the behavior of the skin current and

normal components of the electric fields at various points on and near the

surface of the satellite.

In this report all electric fields are expressed in statvolts

per centimeter. Skin currents are reported in Amperes per meter. The time

integral of the square of the magnetic field is always given in arbitrary units.

The fields are calculated and plotted for tell points but here we

present the results for two representative points. Jbserver point 3 (see

Figure 3) is close to the emitting surface of the satellite. Observer

point 10 is on the surface farthest from the radiation source. The signal

at point 3 is dominated bY the emission from the front face of the satellite.

At point 10, the effects of reflected signals and electron emission from the

tank ace much more read i I y seen. Our main results may be summarized as follows.

The simulation fidulitv is adequate at point .i satisfying the fidelity

criteria described in Reference 0. Departures from the free space response

occur in both the Stra man and emittin.t memb rane cases. The electric fiold

at point 10 at late time is dominated by a tank induced pulse which is stronger

than the initial p Cse. Lonsiderably more energy is deposited at observer

point 10 in the strawman and emitting membrane cases than in the free space

ca se. At observer I0, the tHIshifted satellite strawman case fails to satisfv

the criteria for adequate simulation fidelity.

In the case where the satellite is positioned off center, tile

departure from the trec-space response is more severe. Simulation fidelit v

is st ill adequate at ohserver point 3 but at point 10 dramatic differences
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appear. The behavior of the electric field at point 10 is characterized by

a large negative spike occurring at tile time of reflection. The spike is

an order of magnitude greater than the initial spike in the free space case.

The integral of 11 is greater than in tile free space case by a factor of 200.

The simulation fidelity at point 10 in the shifted satellite case must be

considered inadequate.

We do not consider. that an overtest has occurred since the fields

at point 10 in the strawman case are comparable to those at point 3 for the

free space case. llowever, the fields at point 10 are not faithfully reproduced

by the simulator.

3.4 SIMULATION QUALITY FOR CENTERED SATELLITE CASE

We now present tile results of our test simulations and discuss

in detail tile quality of simulation lying particular attention to the

causes of the departures of the SGEMlP response from the free-space response.

We first examiniie those test simul at ions in which the satellite was centered

in tile tank.

In Fi gure S, we compare the integral of 13 for all four cases at

observer point 3. The general behavior of the integral is similar in all

cases rising raipidly from zero and flattening off at late time. SI i ght

differences appear in tile perfect suppression and strawmnan cases and slightly

hi2her 0 21percent) values of tile integral are attained. This indicates

that reflect ion from the tank walls causes tile deposition of additional

energy at ohserver point 3. The differences between Figures 5b and Sc are

attributbhle to electron emission from the walls of tile tank. Reflect ion

from tile tank wal ls produces a slight - 10 percent increase in the maximum

v:lIc of 1-(t)dt alld electron emission produces a further 20 percent increase.

\s one would expect, the earlyv parts of tile curves ar,, almost identical

with the differences occurring at late time t > 100 ns. These figures

indicate [liat noticeably larger amollunts of energy are deposited at observer

point 3 in the tank siil ation cases than in the free space case, but the
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Figure 5. Integral of B2 (t) observer point 3 (unshifted).
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effects of reflection and emission from the tank walls do not appear to be

serious at observer point 3.

The integral is plotted in Figure Sd for the case in which the

membrane emits and absorbs electrons. Comparison of Figure Sc and Sd

indicates that the absorption and emission of electrons by the damper mem-

brane has no major effect on the quantity of energy deposited at this

observer point.

We now examine the fields and currents produced in these tests.

Figure 6 shows the skin current at observer 3. Little difference is seen

between the various cases at point 3; each shows a large initial spike,

followed by subsequent oscillations. In the free-space case, the skin

current had returned to zero by 100 ns whereas oscillations continued at

late time when the satellite was placed inside the vacuum tank. The straw-

man and emitting membrane cases reveal that the late-time oscillations are

stronger when more electrons are present (compare Figure 0b with Figures

6c and d).

Figure 7 shows the behavior of the normal component of the electric

field at observer point 3. The changes in the normal component of the

electric field at observer 3 resulting from reflection or emission from the

tank are very small at observer point 3.

From the results shown in Figures 5 through 7, we must conclude

that the quality- of simulation at observer point 3 in the centered satellite

cases is very good. Because observer point 3 is close to the emitting

surface, the magnitude of the reflected pulse is small compared to the

initial pulse. It is for this reason that little difference is seen between

the t 'ee- space case and the case iin whi ch the satellite is enclosed in the

t2nk
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A more dramatic demonstration of the consequences of reflection

from the walls of the tank is observed at point 10. Figure 8 shows the

behavior of fB-dt as a function of time at observer point 10 for the

centered satellite cases. Here the general behavior of the fields is not

dominated by the satellite emission as it was at point 3,- In the plots shown in

Figure 8, one can see clearly the signal reflected from the tank walls. At

this point, the reflected pulse is actually larger than the initial pulse

from the satellite. We point out that these curves do not show the total

effect of the reflected pulse since the calculations were terminated at a

time when the integral was still increasing rapidly (see Figures 8b, c and d).

Because of its distance from the emitting surface, the initial

pulse deposits much less energy at observer point 10 than at observer point

3(two orders of magnitude less, see Figures 5a and 8a. In the perfect

suppression case, the maximum value of the integral is an order of magnitude

higher than in the free-space case. This increase is purely the restult of

reflection from the tank walls. Figure 8c indicates that the emission of

electrons from the tank walls produces a further factor of 3 increase in

the integral at late time t > 100 ns. ]:mission and absorption of electrons

from the membrane has little additional effect on the energy deposited at

observer point 10 (see Figures 5d and 8d).

From these resultts, we find that using the strawman design may

cause differences of a factor of 30 in the integral of B3 at observer

point 10 (compare Figures 8a and 8c). Since the integral provides a measure

of the Joule heating of the internal circuitry of the satellite, we must

cocnclude that the influence of the tank walls may cause large increases in

the amount of enurgy received at observer point 10. We may add that our

es timate of a factor of 30 increase may, be an underestimate since the

calctiilatioris were terminated at a time when the value of the integral was

increasin o rapidly. A satellite placed inside a test tank could continue

to extract energy from the cavity causing the energy received at certain

points to exceed its free space value by a large factor.
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It is not clear that use of the strawman design for the SXTF

would lead to overtesting of this type of satellite. Although point 10

receives much more energy in the strawman case than it does in the free-space

case, the total amount of energy deposited at point 10 is much less than

that deposited at point 3. Since a satellite must he able to withstand

irradiation from any direction, this cannot be considered an overtest.

However, at the particular observer point under discussion, this test fai Is

to meet the criteria for simulation fidel-ity which requires that

lo f- Bdt

where the subscripts sim and thr refer to the simulation and threat sources

respect i Cly. 6 (le have substituted the free space response for the threat

source in the above relation.

We now consider the fields and currents produced at observer poi nt

10. Figure 9 shows the behavior of the skin current At obS'r'ver point 10

for all four cases. lere obvious differences are seen inl the tank simulation

cases as compared to the free-space case. The i nit ia! i I se at observer 10

is much sma ller (by a factor of 10) than the initial pulse at observer point

3. While the initial pulse at point 1) is of the same si e in al1 four

cases, the reflection causes large differences to occur at late time. At

this point, the reflected pulse is much larger than the initial pulse by a

factor of 2 for the case of perfect suppression and a factor of S for the

strawman case and for the case of the emitting membrane. Here the emission

of electrons has a considerable effect on the amplitude of the reflected

pu se.

From Figure 9 we see that at late time (t - 100 ns), the magnitude

of the skin current is one order of magnitude larger in the strawman case

30



a. Free Space b. Perfect Suppression0.20 0. 1
"- I_ _

E l
-' I ' - -I -

CAl

E _ E

-0.15 -0.5

0 80 160 0 80 160

Time (ns) Time (ns)

c. Wall Emitting d. Emitting and Absorbing Membrane

E E

CL

E EI

-0.6 1- -- 0.616

0 80 160 80 160

Time (ns) Time (ns)

Figure 9. Skin current observer point 10 (unshifted).

31



than in the free-space case. However the skin current i3 still a factor of

3 lower than the current caused by the initial pulse at point 3 and as a

result, we cannot consider that an overtest has occurred. The behavior of

the skin current at late time is very different from the late time behavior

of the skin current in the free-space case indicating that the simulation

fidelity is poor at point 10.

Figure 10 shows the normal component of the electric field at

observer point 10. Dramatic differences occur in the normal field for the

strawman case. A large dip begins at the time when the wave is reflected

from the walls of the tank. The E, component reaches a magnitude of approxi-

mately seven times greater than in the free-space case and has opposite sign.

Furthermore, the overall shape of the curve is completely different. The

initial rise is followed by a very deep minimum. Comparison of Figures lOc

and lOd indicates that the emission and absorption of electrons from the

damper membrane makes essentially no difference to the E field at observer

point 10. However, Figure lOc shows that the presence of emission from the

tank walls causes an enhancement of the reflected signal. Evidence for this

same effect can be seen in the skin current plots (Figure 9) although the

effect here is not as pronounced as it is for the electric field.

lhe reason for this unexpected behavior is not fullyv understood

but :1pos s ibl e mechan is is suggested in Section .1. The magnitude of the

fields at point 10 is cosiderahly less than the magnitude of the fields in

the i nit iil pulse at point 3 so that we cannot consider that an overtest has

tAikeri place. lhe fields differ from the free-space case to such an e.tent

that the s iImulat ion qulity cri terion cannot be satisfied.
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3.5 SATELLITE OFF CENTER

A series of calculations was performed in which the satellite was

removed from the center of the tank and placed close to the rear wall. In

this configuration, the satellite was within 36 cm of the damper membrane.

The purpose of these calculations was to examine the effects of having the

satellite close to the tank walls. Stronger reflections are expected to

occur in this case raising the possibility of overtesting. The satellite is

now much closer to tile source of electrons so that larger electric fields

on the satellite may be produced. Considerations of the effects of the

proximity of the satellite to the tank walls are of importance since it is

probable that the SXTF will be used for tests of very large satellites whose

dimensions wi I1 be comparable to those of the tank.

In order to examine in isolation the effects of position upon the

reflection of electromagnetic waves, the fluence was not reduced from its

value in the previous calculations. This assumption is not physically

justified since the exploding wire radiation behaves as a spherical wave falling

off as 1/i-.

The time integral of B2(t) at observer point 3 is shown in

Figure I 1 . At observer point 3, the behavior of tile integral is very

similar to the behavior in tile case of the centered satellite (Figure 5).

Figiure 11 indicates that in the case of the shifted satellite, the reflection

from the t ink wZalls deposits more energy on the satellite than it does in

the case of the centered satellite but tile difference is sinall (cf. Figures

5c and i1C). I;i the shifted satellite strawman case, the integral of B (t

has I max Minn v:i lhi. it only 1(0 percent higher than that attained in the

ccntcred sat'l litC 'trfl case. From Figure lid, we see that the emitting

membr;iiie lha I itt l et etffct on the overall behavior of tile integral. At

lIt e t i me tht' Vl lie f te It ter;I I in the emi tt ing nenl)ralne case is 10

percent 1V, tr th;In in the ' ; ni,| caSe (compare Figures 1Ilc and lId). This

effect is sit lar t,, tIht ,coi in the centered satellite case (compare Figures

.Sc irid Sd.
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From the plots in Figure 11, we see that the strawman case differs

from the free-space case by less than a factor of 2 in fIB(t)dt. This close

agreement between even the most extreme cases indicates that in the shifted

satellite case, the simulation fidelity at observer point 3 is very good.

Further evidence for the high quality of simulation is provided by the plots

of skin current and normal component of the electric field shown in Figures

12 and 13 respectively.

The general behavior of the skin current is the same in all four

cases; the sharp initial spike is followed by lower amplitude oscillations.

In those cases in which the satellite is enclosed in the tank, the reflected

pulse is quite prominent (Figures 12b, c and d) especially in those cases in

which large quantities of electrons are present. In no case does the reflected

puilse exceed - So percent of the initial pulse so that the skin current plots

do not show any evidence for the possibility of overtesting. In addition,

Figure 12 indicates that the reflected pulse never provides skin currents

larger than twice the free space values (compare Figures 12a and 12c) so

that the criteria for simulation fidelity are satisfied.

Compa rison of the various cases shown in Figure 13 show that the

behavior of the electric field is almost identical in all four cases. In

suimmary we conclude that the influence of the tank walls do not give rise

to overtesting and that the quality of the simulations at observer point 3

i -, very" good.

The simulation fidelity is much worse at observer point 10. The

plots of fB2dt for observer point 10 reveal that the strawnan case differs

from the free-space case by almost a factor of 200 (Figure 14). The presence

of the tank in this case causes an enormous enhancement in the Joule heating

of the circuitry at this point. Hto'ever, the maximum value reached by the

integral is still comparable to the value reached at point 3 in the free-

space case so that although the simulation fidelity is very poor, no over-

testing occurs.
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There are large differences in the behavior of the skin current

at observer point 10. The behavior of the skin current in the strawman and

emitting membrane cases (Figures 15c, and 15d) differs from that of the

free-space case in the same general way as they did in the centered satellite

cases (Figures 9c and 9d) when the satellite is close to the tank walls,

however, these differences are much more severe. The dip which occurs at the

time of reflection -90 ns is approximately an order of magnitude larger

than the initial spike and has an opposite sign. These large differences in

the behavior of the skin current are another indication of the poor quality

of simulation at this point.

The reflected pulse in the perfect suppression case is much weaker

in the shifted satellite case than it was in the centered satellite perfect

suppression case (compare Figures 9b and 15b. This difference may be

attributed to the proximity of the observer point to the damper membrane.

The most surprising results of this work are shown in Figure 16. Here

we show the normal component of the electric field at observer point 10. E

reaches a magnitude of 20 times its free-space value and has an opposite sign

in the strawman simulator. The magnitude of the field is comparable to that at

observer 3 (see Figure 13). The behavior seen here is similar to but more extreme

than that seen in the centered satellite case, with the field reaching a

value of almost three times greater than that shown in Figure 10. After

the dip, the field increases reaching positive values of over six times the

free space maximum. At late time t > 150 ns, the strawman case behaves

differently from either the free space or perfect suppression cases. Rather

than oscillating about some positive mean (Figures 16a and 16b), the field

decreases monotonically to very large negative values (-0.17 esu). We

suggest that this decrease is caused by the deposition on the satellite of

charge emitted from the tank walls. No significant differences were found

in the behavior of the electric field at ohserver point 10 between the

strawman case and the emitting membrane case.
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The surprising behavior of the fields at observer point 10 is not

well understood and the next section of this report is largely concerned

with our attempts to understand this phenomenon.

Finally, we may draw the following conclusions.

1. Simulation fidelity is generally very good at observer

points close to the emitting surface of the satellite both

for the perfect suppression case and for the strawman case.

Fidelity is slightly worse when the satellite is positioned

close to the tank walls but in all cases, the criteria for

acceptable simulation fidelity are satisfied.

2. In no case was evidence for overtesting found. Although

the fields produced at observer point 10 are much higher in

the strawnan case than they were in the perfect suppression

case, they are never much greater than they are at observer

point 3.

3. Since a satellite must be designed to survive irradiation

from any direction we cannot consider this to be an overtest

although the simulation fidelity is clearly unacceptable.
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SECTION 4

ADDITIONAL CALCULATIONS

The peculiar behavior of the electric and magnetic fields described

in the previous section is difficult to understand. Because of its implica-

tions for the SX'F design, we feel that it is important to be confident of

these results and to develop some physical understanding. The calculations

reported in this section were aimed primarily at determining the cause of

the dip in the magnetic field shown in Figure 15 and in the electric field

shown in Figure lo. Such factors as the amoun t of w all (,mission present,

the X-ray spectrum, the X-ray emission time hi story and the method of calcu-

I at i fig the movement of part i ci es are exam i Ied. One purpose of these studies

was to eliminate the possibility that the peculiar behavior of the fields

is some artifact of tile code. The details of the several cases examined are

summari zed in Table 2.

In (ase A, the satellite is in the same position inside the tank

as in the shifted satellite cases discussed in the previous section. Case

A differs from thi shifted satellite strawman case only in that electron

emission occurs only from the front hemisphere of the tank and the damping

membrane was removed. A significant difference in the results obtained in

this case is that the normal component of the electric field at observer

point 10 has decreased by approximately a factor of 2 (see Figure 17).

The dip seen in the skin current in this case (Figure 18) is also smaller

than that seen in the strawman case (Figure 15c). In addition, the

oscillations in the fields do not damp out even at times as late as 600 ns.

This lack of damping is due to the absence of the damper membrane. The

reduction in the amplitude of the dip has two possible causes. Since the

44



> ~>< >< ><

0

> ~>< >< ><
u LUI

o, a)
>< >< ><

(A

( A C l

U

*0

(A

CA

a..0

-0 4-4-) a S.-
., C.' 4-)

- ( < 0 (A
ww - E

4-' S- 0L a)

m C L LUJ co

45



0.01

E ,_

4j
0- -00

4.i

-~-0.03

w 
'I

-0.06 80 160

Time (ns)

Figure 17. Case A-electric field at point 10.

1.07 ,

2_ 0.

,

-0.

2____ ___ 1_ ..

-,,

0 80 160

Time (ns)

Figure 18. Case A-skin current at point 10.

46



differences between Case A and the strawman case are in the quantity

and position of the emitted charge, we conclude that the reduction in the

magnitude of the dip is attributable to one or other of these differences

or to the combination of the two. This calculation suggests that the dip

has its origin in the sphere rather than in the satellite.

We next examine the possibility that the peculiar behavior of the

fields may in some way be caused by the presence of the satellite. Perhaps

it is some artifact of the numerical algorithm of treating the thin current

carrying struts. In order to rule out this type of possibility, we calculated

Case B in which the satellite was removed from the tank and the sphere emission

is only caused by the exploding wire X-ray source. The general behavior of the

electric field in this case (shown in Figure 19) is similar to that found

for Case A and to the shifted satellite strawman case shown in Figure loc.

The behavior of the skin current in Cases A and B are similar (Figure 20)

with roughly the same magnitude of dip. The reflected magnetic field is

approximately 40 percent stronger in Case B than in Case A where its maximum

is 0.9 amp/n. The initial spike seen at - 60 ns in Figures 16c and 17 is

caused by the interaction of the X-ray pulse with the satellite. Since no

satellite is present in Case B, no initial spike is seen. The electric

field at observer point 10 in Case B first departs from zero at - 70 ns due

to the interaction of the X-ray pulse with the wall of the tank. A clear

spike is produced reaching its greatest negative value at - 95 ns. The

amplitude of this spike is reduced by a factor of four from the strawman

case. The absence of the satellite reduced the amplitude of the spike

but did not cause it to disappear. Although the presence of

the satellite affects the size of the spike, it does not cause it. We can

therefore exclude the possibility that the unexpected behavior of the fields

is some artifact of our code description of the satellite. In addition, Case

B clearly demonstrates that the dip is in some way caused by the sphere rather

than the satellite.
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In Case C we irradiate the sphere using the bremsstrahlung source

only. The general behavior of the field (Figures 21 and 22) is remarkably

similar to that seen in the strawman case and in Cases A and B described

above. The magnitude of the dip is lower than in Case A by a factor of

two and lower than the strawman case by a factor of five. We see that the

dip is not strongly affected by the characteristics of the radiation striking

the sphere.

In Cases ) and E, we study the effect of retardation of the pulse.

The radiation source is an exploding wire and particle emission is calculated

1si5ng a dipole driver. The dipole driver is placed on the surface of the

sphere and has the same magnitude and time history as that placed on the

emitting surface of the satellite in Case A.

Case 1) resembles Case A in that we consider electron emission from

the front half of the sphere and the satellite is present in the tank. Here,

however, the emission from the satellite is neglected. The resulting curves

are smoother due to the absence of noise caused by particle statistics.

Figure 23 shows the behavior of the electric field in Case D. Because the

dipole driver on the sphere has a large amplitude (appropriate in fact to

the emitting surface of the satellite), a very strong dip occurs at the

time of reflection. The dip is a factor of two larger than it is in the

strawman case. Following the dip, the field rises to a very large

positive peak (0.03 esu) . The magnetic field at observer point 10 (Figure

21) ini t i all y behaves very much like the magnetic field in previous cases

e.g., A and B) but its behavior at late time is more extreme reaching

a la rge positive peak and rapidly falling to a very large negative value.

Fro) case 1) We find that the presence of a non-emitting satellite has

little effect on the dip. In addition, we are able to rule out the pos-

sibi lity that the dip is some artifact of our particle emitting and moving

Code.
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Figure 22. Case C-skin current at point 10.
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In Case F', the satellite is absent and the emission from the sphere

is from the exploding wire source only. Again we use the P" description of

tile electron emission. In this case, the dipole driver is not retarded.

Instead, the dipole layer forms simultaneously over the entire hemisphere.

Comparison of Figure 2S and Figure 23 reveals that the dip in Case 1: is

much less pronounced than in Case 1). The unretarded dipole driver in Case E

appears to have considerable influence on the behavior of the field. A local

minimum occurs in F- at the time of reflection, but this seems to be simply
the first in a series of oscillations. The magnetic field behaves similarly

(Figure 26).

The phelomenon of the deep minimum is not completel understood.

We have, however, ruled out several possihi Ilit ies. This behavior has been

shol'l riot to be anu artifact of our code description of the satellite, not an

artifact (t' our- particle emission algorithm or of our particle moving

roit i nrc and is riot caused (although it may be modified) by the presence of

the sa t clI i tc. The dip is not caused solely, by either the exploding or

bremsstrahlung Cmi ssion. The dip appears to Ie directly related to the

emission area on the sphere and is strongly influenced by the retardation

of the emiss ion of the sphere.

One possibility is that the dip arises from the excitation of a

mode of the tank. The width of the dip in Case A is about 30 ns suggesting

that a mode of frequency about 33 NlIz may he excited. We wish to determine

whether a mode of such a frequency can be excited by the dipole driver. In

order to examine quantitatively the excitation of the sphere, we have

calculated Case F. In this case we remove the satell ite and excite the

sphere using a truncated, unretarded driver. The dipole driver is the same

as that used previously during the initial 13 ns and has zero magnitude thereafter.

After 13 ns the undriven sphere rings and its modal response is shown on the

Fourier spectrum of the magnetic field at the center of the mesh (Figure 27).

Several harmonics are simultaneously excited. One of the strongest has a
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frequency of 33 MHz suggesting that the spike may be the mode of the system

having this frequency. The evidence for this is incomplete and many

difficulties are encountered in trying to explain the behavior of the fields

as excitations of modes of the sphere.

An alternative, perhaps more plausible, hypothesis for the cause

of the dip will be detailed below.

Before describing the proposed hypothesis for the effect we will

try to give some background for understanding the behavior of the EM fields

in this system. The effect of a tank on an SGEMP simulation can be conveniently

described in three successive parts. Prompt electromagnetic radiation effects

caused by electron emission from a damper or tank walls arriving at the satel-

lite at time, t, roughly equal to 2R/c, where R is the tank radius and c

is the velocity of light (this time is 100 ns for the tank used in our

simulation). Electromagnetic radiation effects caused by reflection from

the tank walls can be described in terms of a modal picture. A modal descrip-

tion is most convenient after the radiation has assumed a global character

which occurs after t > 3R/c when one side of the tank has felt the presence

of the other side. Before this time too many modes are necessary for an

adequate description. The modal description is the second part of the

system's behavior. The third part arises from electrons emitted by the

walls, damper and source shields striking the satellite. Since electrons

move slowly compared to the velocity of light and since the wall emission is

to a first approximation spherically symmetric, the effect of electron impact

can be described by electrostatics and occurs relatively late in time.

We suggest that the spike or dip effect is due to prompt electro-

magnetic radiation. Recurrence of the effect, should modes add up with the

proper phasing, will be diminished due to the presence of the damper.
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When photons arrive at the sphere walls electrons are emitted and

slowed by the resUlting electric fields. These circumstances give rise to

both change of dipole moments and time rates of change of dipole moments

at the wall. The magnetic field radiation from a dipole moment changing

in time is given by

B r (E=Bxr)
C

where r is the vector from the source to the field point and "P" is in the

radial direction. For this geometry the prompt magnetic field will be zero

at the center of the tank and maximum near the edge where the effect of

all the wall dipoles are additive. Therefore, the hypothesis compares

qualitatively with the code calculation because the dip effect is greatest

when the satellite is in the shifted position and decreases by a factor of

two when only half the tank surface is illuminated or only half the wall

dipoles exist.

Radiation from the dipoles do not arrive at the satellite

simultaneously from all wall positions so the effect is spread out in time.

For plane wave excitation the maximum time difference for waves arriving at

the end of the spherical tank diametrically opposite the center of the source

of the wave is 0.5 R/c. If all points on the wall are excited simultaneously

the maximum time difference of arrival is 2R/c. We should therefore expect

the ratio of the plane wave excited spike to the simultaneous wall emission

to be in the ratio of 4 to 1. This seems again to be supported by the code

computations. A characteristic magnitude for 11 from the 2 kV blackbody
16

source is about 2 > 10 statamp/sec at the walls and lasting about 5 ns.

We would therefore expect a prompt magnetic field arriving at 2R/c (100 ns)

of duration about .5 R/c + 5 ns = 30 ns and having a magnitude of about

- 2  , 4TR = .035 gauss 3 amp/m
2 2 R 30

C
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The 1/2 in the above calculation arises because the average of r x P is

estimated as 1/2; the factor of 5/30 arises because the F pulse is about

5 ns but is spread over 30 ns. The estimated character of the prompt pulse

agrees with the observed character in Figure IS and supports the proposed

hypothesis for the dip effect.
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SECTION 5

RECOMMENDATIONS

The presence of the tank and electron emission from the walls do

not appear to affect the fields on and near the satellite in such a way as

to cause severe overtesting. Even in our most extreme case Figure 16c, the

magnitude of the field produced at observer 10 is approximately the same as

that seen at observer 3. Our results indicate, however, that while

acceptable simulation is produced in the perfect suppression case, the more

realistic case of an emitting tank wall produces very poor simulation

fidelity at specific points. The departure of the response from the free-

space response is most severe when the satellite is placed close to the

tank walls, indicating that for a strawman design SX'F, serious fidelity

problems may arise in tests of larger satellites.

Suppression of electron emission from the tank walls appear to be

required to remedy this situation. Coating the tank walls with carbon (a

low-photoelectric yield substance) as in the strawman design is inadequate.

Additional suppression or collimation is necessary. If coll imation is not

sufficient, an active suppression grid maintained at a fixed potential may

be necessary in order to prevent wall electrons from causing a large tank

response.
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APPENDIX A

TREATMENT OF THIN CURRENT CARRYING STRUTS

Our calculations attempt to describe electromagnetic phenomena

inside a tank of radius 30 m. The test body consists of three cylinders

connected by struts of radius 1.25 cm. Clearly it is not possible to use a

mesh fine enough to describe the struts while at the same time covering the

entire space of interest. Such a description of the problem would require

enormous amounts of computer storage and CP time. An alternative procedure

is required.

Our technique of treating thin struts is similar to that described

by Parks, et al. 7 and Lee. 8  We shall present a brief outline of this

method.

In general, Faraday's equation may be written

V I I = 1 I B
~, - c - t

Integrating the equation and making use of Stoke's theorem, we obtain

If . da f L d
c at

Now consider this equation as it applies to some cell lying on the Z axis

and consider a thin conducting strut of radius a << Ar lying along the Z

axis. Faraday's equation may then be integrated with the area of integra-

tion being the shaded area in Figure A-1 and the contour being its perimeter.
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I

Using the fact that the field in the vicinity of the strut varies

like l/r, the surface integral becomes

Ar/2
A-- f B (a)-fl----- (a) dr

a

(:arryiig out the integration we have A

AZ 313(a) an(Ar/2a)c t

The line integral becomes, since E vanishes on the conductor and

the normal field to a cylindrical conductor varies as 1/r

Ar/2 Ar/2

I AZ + E(a) dr - E(a)r, dr

a a

F- lAZ + (E(a) - E(a) r)an ( Ar

1r,R+l r,R 2

Rearranging the terms, the integrated Faraday equation becomes

1: -Fa- ()
JB(a) 1 (a) r,k+l - E(a)r,9,

t a c n(Ar/2a) AZ

This equation differs from the usual difference formulation of Faraday's

equation only in that the term in l. has been added.

Ampere's equation may be treated similarly. In general, we have

I V x 11- 4,T .

where .J is in abamperes per cm . Integrating and making use of Stoke's

theorem

1 f kdaf 1 dZ T -4~f da~
f T
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where the area of integration is the circle of radius Ar (see Figure A-2)

and the contour of integration is the circumference of the circle. Then

neglecting the small area of the wire

TTAr- -1 r
c t ArtI 2TaIi(a)

which becomes, on rearranging

'1 1 2c 2ac
- - ~ ~ -= II 1a)2t Ar 1 -rAr-

which is simply the usual difference formulation of Ampere's equation with

an additional term.

The radial component of Alnpere's law is

3) I
I r- 1 , x H - 4-,J)
c 5 t r

Integrating over the surface of the wire furnishes an equation

relating the normal electric field and the surface magnetic field.

These modifications of %Jaxwell's equations permit the calculation

of the fields in the vicinity of the wire and makes possible an accurate

description of the electromagnetic behavior of the test body using a mesh

large compared to the strut radius. One can thus realize large savings in

computer storage and C1 time.
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